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Invasion biology is the study of the reproduction, dispersal and ecological impact of organisms that occur outside of their native range, including exotic pests and biological control agents. Alien species cost California agriculture billions of dollars annually in control measures and crop damage. Societal trends toward increased travel and import of plant and animal products suggest that exotic species will continue to enter California. Understanding the principles of the invasion process will help to predict which species will invade, where invaders will become established, and the effects of invasions on agricultural, urban and natural environments. Improved understanding of the invasion process should contribute to public policies designed to prevent or contain invasions, especially of potential pests that are not yet in the state and whose biology is poorly described. Experiences with particular invaders (for instance, plants, insects and fish) have stimulated new hypotheses that apply to the invasions of many other species. Some of these insights have been presented at grower and academic conferences sponsored by UC Riverside and UC Davis. As our awareness of the invasion process continues to unfold, policymakers can refine existing strategies to prevent the introduction and spread of non-native species. Fundamentally, invasion biology is the study of organisms that occur outside of their native range. The science applies to both pests and nonpests (for instance, biological control agents) and encompasses a wide diversity of organisms from fungi and plants to nematodes and mammals.
Four stages of invasion
Regardless of the organisms involved, all invasions progress through four fundamenta; stages: arrival, establishment, integration and spread ( fig. 1 ; Vermeij 1996). After arriving, for example, in contaminated seedlots or "hitchhiking" on transported material, an introduced organism must reproduce in its new habitat to become established. Integration occurs as resident plants and animals adjust ecologically and evolutionarily to the newcomers and as invaders adapt to local environmental conditions. The exotic organisms' dispersal throughout the new environment is driven by natural forces such as wind or rain, or by the need to find food supplies. Species that cannot complete all four stages are unlikely to become "invasive."
Research in the discipline of invasion biology tends to revolve around three central questions. Which species are likely to invade and become pests? Where will invasions be successful? How do invasions progress and how do they affect local communities? These questions are not new but still lack satisfactory answers (Rejmanek 1996; Williamson 1996) .
Species likely to invade
Which species are likely to invade and become pests? Species that maintain high rates of growth, maturation and reproduction over a wide range of environmental conditions are more likely to become established once introduced into a new habitat (Venette 1997) . For example, the widespread distribution of the ash whitefly ( S i p k o n i m s pkillyueae) in California is due in part to its broad physiological tolerance: the ash whitefly reproduces and develops between 50" and 86°F (10" and 30°C) and utilizes several plant species as hosts.
The genetics of a species may also contribute to invasiveness. For instance, organisms with small genomes (the number of genes within a cell) tend to be more successful invaders in disturbed habitats (Rejmanek 1996) . In addition, resident populations of related native organisms that are already adapted to local climatic conditions may serve as conduits for the invasion of exotic biotypes. Biotypes are genetically and physiologically distinct subgroups within a species.
The invasion by the Africanized honey bee (Apis mellifera scutellata) Some exotic species can be beneficial. The imported parasitic wasp Aphyris melinos parasitizes California red scale, which attacks citrus trees.
provides an interesting example of genetic invasion. Africanized bees hybridize with European honey bees (Apis mellifera), which are common throughout the western hemisphere. As a result, when the Africanized strains were accidentally released in Brazil, their "aggressive" genesgenes that make honey bees behave aggressively -may have invaded resident European honey bee populations. Genetic invasions may occur more rapidly than species invasions and could explain how the Africanized bee spread more 6,000 miles from Sao Paulo, Brazil, to Southern California in less than 40 years (Moller 1996) .
Conditions conducive to invasion
Invasions are most likely to succeed in sites that are highly disturbed or have a mild climate (Moyle and Light 1996) . Disturbance remains difficult to define in absolute terms, but often reduces the number of established predators or increases the availability of resources per individual. For exampIe, clearcutting forests reduces competition for soil nutrients and increases the amount of light available to an invader. The mild climate and rapid urbanization of Southern and coastal California make these regions of the state especially vulnerable to invasion. For example, in San Francisco County, which is coastal, 41% of the vascular plant species are exotic whereas in Lassen National Park, which lies inland, only 5% are exotic (Mooney et al. 1986 ).
The initial phases of invasion may proceed for much longer than is often estimated. It is common to assume that invaders arrived shortly before their initial detection (less than 5 years). In reality, due to inherent inefficiencies of any sampling strategy, invading populations may remain at low densities for decades without being detected (Carey 1996) . For instance, Mediterranean fruit flies could have arrived well before the first specimens were trapped in 1975. Furthermore, if established in California, medflies most likely occur in small, sparse populations. The mere presence of an exotic pest does not automatically mean that a crisis is at hand. The long initial phases of invasion suggest that exotic pests might be suppressedthrough traditional IPM strategiesbut not necessarily eradicated to maintain crop production levels. of its North American invasion, which began in 1869.
Finally, not all invasions will have adverse effects, nor will the effects be uniformly distributed throughout an area. Even when potentially severe pests invade, their distribution and impact vary in response to host and climate suitability. For instance, if the medfly invaded California completely, the impact would be heavier in the Los Angeles Basin and lighter in the northeast and Sierra Nevada regions of the state (Carey 1996) .
Further study needed
Despite these principles of invasion, our understanding of the nature of invasions is far from complete. How will exotic species affect ecosystems? What is the best way to describe and predict the pattern of spread? Must invaders adapt to local environmental conditions? Are there preconditions for eradication to be successful? Answers to these questions are especially important when developing response plans for recently introduced species. Ideally, answers would be based on broadly applicable principles of invasion.
Other agricultural sciences have already benefited from the development of general principles for their disciplines. For example, principles of crop and livestock breeding, plant and animal disease epidemiology, and postharvest treatments provide researchers and regulators with the basis to plan future activities, to evaluate the success of those actions, and to explain counterintuitive results. The concepts can be fine-tuned for special cases, but the fundamentals apply to all species.
Unfortunately, no unifying science exists to use as the foundation for research or public policies dealing with invasions. General principles describing the process of invasion are poorly defined partly because exotic species have been studied on a case-by-case basis (Vermeij 1996) . Obviously, each introduced plant, animal and pathogen is unique in many ways. However, the processes underlying the invasions of such diverse organisms may be quite similar. Revealing similarities among invaders is at least as important as studying the biology and control of the individual pests themselves. Finding these similarities could lead to a broader notion of the invasion process and the development of general principles of invasion. Better theories of the invasion process may help growers, conservationists, researchers and regulatory agencies prepare for future invasions.
As general theories evolve that pertain to each stage of invasion, invasion biologists must make a concerted effort to apply those theories to agricultural issues. In particular, an improved understanding of the invasion process will prove essential to preclude and/ or manage the future onslaught of invaders into California. Although the rate of establishment by alien plarits in California may have slowed in the past 25 years (Rejmanek and Randall 19941, preventing and/or controlling the invasions of all non-native species will be a greater challenge.
for studying and controlling exotic pests have restricted the introduction and spread of many alien species. However, revisions to these policies may be necessary due to several national and statewide trends. fig. 3) . But is it feasible to inspect every person or shipment that enters the state for foreign organisms? Obviously time and limited resources prevent a complete inspection of everyone.
Undoubtedly, established protocols

Revisiting prevention strategies
How much risk do the organisms that might not be intercepted pose to the state, and would the risks decrease substantially if more funds were allocated for inspections? Maintaining zero tolerance for certain pests may not be necessary because most invaFirst, agricultural trade has expanded rapidly with greater quantities of foreign imports being marketed in the United States. For instance, since 1981, imports of strawberries, oranges, live cattle and plants with soil attached to roots have continued to increase at a steady rate ( fig. 2) . Regulatory agencies already scrutinize imported agricultural products because these commodities may contain agricultural pests.
Second, as urban areas continue to grow, the buffer between rural and urban activities continues to narrow. As is generally true for pest control in agriculture, greater attention must be paid to the effect of pest eradication on the health and well-being of the general populous, for example, to health concerns surrounding the broadcast application of pesticides.
to increase, which is a problem because each person entering the state serves as a potential vector for the unintentional or deliberate introduction of exotic species. In 1931, 847,000 ve- sions fail. In fact, experiences with trying to introduce species for biological control have shown that it is extremely difficult to get a successful "invasion" even if the invaders are carefully selected. While the odds of successful invasion are likely to increase as the "dose" of invaders increases, if a species is introduced below a critical density then those individuals are likely to die due to local antagonists (such as predators or species that compete for resources), environmental fluctuations, and demographic risks (for example, ending up with a population composed of males). How could monitoring for exotic pests be improved? Trapping strategies should lure and/or immobilize active individuals more effectively and must consider where a pest will occur, when a pest is likely to be most abundant, and how a pest is likely to behave in various environments (Prokopy 1995) . For example, medfly traps placed in citrus trees that have been stripped of fruit are less likely to be effective because flies are drawn elsewhere in search of food.
strates the need for, and value of, genetic repositories for introduced organisms. Genetic analysis of preserved specimens may be the only way to determine how many times a pest has been introduced into California, the country where those individuals originated, or the "relatedness" of multiple outbreaks (Roderick 1996) .
In addition to genetic data, the locations where pests are found provides valuable information on the course of an invasion. These detection and interception records should be analyzed with Geographic Information Systems (GIs), which can map the proximity of detections in space and time as well as highlight areas within the state that are prone to invasion. CIS applied to interception records might identify regions from which the state receives an inordinate number of non-native plants and animals.
Finally, how do we know when a pest has been eradicated? Failure to detect a pest following a control mea- As society continues to change, traditional methods for managing exotic species may no longer be sufficient. The history of invasions indicates that organisms that do not pose a problem in their native ranges can be devastating in a new habitat. But, is it practical to guard against the arrival of every exotic organism, especially when resources to prevent, control and study invasions are not increasing? Given that time and money are limited and that the number of introduced species continues to increase, the study and control of invaders cannot be sustained on a case-by-case basis.
Policies for the exclusion and management of exotic species will benefit from current and future developments in the discipline of invasion biology. 
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